One of the most fundamental features of a black hole in general relativity is its event horizon: a boundary from which nothing can escape. There has been a recent surge of interest in the nature of these event horizons and their local neighbourhoods. In an attempt to resolve black hole information paradox(es), and more generally, to better understand the path towards quantum gravity, firewalls have been proposed as an alternative to black hole event horizons. In this letter, we explore the phenomenological implications of black holes possessing a surface or firewall. We predict a potentially detectable signature of these firewalls in the form of a high energy astrophysical neutrino flux. We compute the spectrum of this neutrino flux in different models and show that it is a possible candidate for the source of the PeV neutrinos recently detected by IceCube. We further show that, independent of the generation mechanism, IceCube data can be explained (at 1σ confidence level) by conversion of accretion onto stellar mass (supermassive) black holes, into neutrinos at efficiencies of 10 −4 (10 −2 ).
INTRODUCTION
One of most celebrated predictions of General Relativity has been the possibility of forming black holes: spacetime singularities that are surrounded by event horizons. These event horizons are boundaries in the spacetime from which nothing can escape. In contrast to black holes, other astrophysical compact objects such as neutron stars, possess a physical surface that shows visible signs of radiation to the outside universe. In this work we explore the possibility that black holes, too, may not be so invisible after all.
There has been much recent interest in studying the nature of black hole event horizons and their local neighbourhoods, in an attempt to resolve black hole information paradox(es) [1, 2] and more generally to better understand the path towards quantum gravity. Alternatives to black hole event horizons such as firewalls, fuzzballs, [1, 2] , or surfaces that can emit a flux of photons [3] , have been considered in the literature.
In this work we assume that instead of an event horizon, black holes possess a surface, or firewall, that can show visible signs of emission to the outside universe. We construct a phenomenological model to describe the nature of this radiation and its spectrum. A key feature of our prediction for this radiation is that it will primarily consist of neutrinos. This is because, as in core-collapse supernovae, neutrino propagation has a much smaller optical depth and therefore transports energy more efficiently.
An interesting implication is that accretion onto black holes/firewalls could be a possible source for the recently detected high energy (PeV) neutrinos by IceCube [4] . The source of this detection is as yet unknown, and several candidate sources have already been ruled out or strongly constrained. For example, hadronuclear pp processes (which is the mechanism of neutrino production in intergalactic shocks, starburst galaxies, and some AGN models) require power laws harder (p ≤ 2.1 − 2.2) than those favored by IceCube's detection [5] . Inner jets of blazars may be able to account for IceCube's PeV signal, but they have difficulty explaining the sub-PeV neutrino events [6] . Further constraints on the candidate sources are set by arguments that no extragalactic object that we know of could function as the origin of both the PeV neutrinos and the ultra high energy cosmic rays [7] .
We start by outlining the main features and assumptions in our model. We then summarize our estimate of the total flux emitted by the black holes followed by modelling their spectra. While we consider both blackbody and power law spectra, we subsequently focus on the power law results (which are more interesting at higher energies). Finally, we conclude by comparing our results to observations and other models.
MODELLING ACCRETION ONTO A FIREWALL
The black holes in our model are accretion powered, have Keplerian flows, and have reached approximate steady state.
We assume that the accreting black holes must show evidence of surface radiation. The authors of [3] considered the possibility of photon emission from the surface of Sagittarius A * . As their predicted photon flux exceeds the Sag. A * flux in millimetre and infrared observations, they conclude that there must be an event horizon. In this work, we argue that at the energy scales involved, the neutrino cross section is much smaller than the photon cross section, hence most of the energy dissipated will be carried out by the neutrinos. Based on this assumption, we go on to compute the total flux of neutrinos from all the black holes (or firewalls) in the universe.
We estimate that a fraction g (where 0 < g ≤ 1) of the gravitational binding energy of particles falling onto arXiv:1502.01023v1 [astro-ph.HE] 3 Feb 2015 the surface of the black hole is radiated away (and reaches infinity), while the rest goes into growing the mass of the black hole. For a continuous accretion flow, as we are assuming here, this gives a total luminosity as measured at infinity of:
A fraction of the total luminosity, L γ , is converted by the accretion disk into electromagnetic radiation:
The remainder of L ∞ , will be eventually radiated at the surface as neutrinos. We call this surface luminosity as measured at infinity L ν :
where we have introduced a new efficiency ν ≡ g − g η for the surface radiation that we will be interested in for this work. In terms of the observed total integrated flux:
where d L is the luminosity distance. Now we want to sum over (4) to find the total flux contribution from all the black holes in the observable universe. We treat the contributions from the stellar mass black holes and supermassive black holes separately. We estimate that 3.3% [8] of the stellar mass budget goes into forming stellar mass black holes, while M BH ∼ 10 M and M SMBH ∼ 10 6 M are typical masses of stellar mass and supermassive black holes respectively. As a typical accretion rate we takė
2 , where L Edd is the Eddington limit for the black hole mass.
TOTAL FLUX
Let us make the following definitions of characteristic radii
where r h is the location of the event horizon, and r ISCO is the radius of the innermost stable circular orbit. For simplicity, we assume that the black holes in our model are typically spinning with a dimensionless spin parameter of a * ∼ 0.7.
For the disk efficiency we use [9] :
For example, for g = 0.5, we will have efficiencies of η = 0.2 and ν = 0.4 for both stellar mass and supermassive black holes.
We primarily use models from [10] and [11] , for the evolution of the star formation rate (SFR) and the supermassive black hole accretion rate (BHAR) comoving densities, although our final results are not sensitive to our choice of these models. Both SFR and BHAR are fitted by a double exponential function: 
where we use H • = 73 km/s/Mpc, Ω Λ = 0.7, and Ω M = 0.3. We are working in comoving coordinates, so the volume elements in (11) and (12) are
, near the redshift of reionization, Eq's (11) and (12) yield neutrino fluxes
SPECTRUM
To compare to observations, we need information about the spectrum of the neutrino flux. We consider two different models: a power law spectrum and a blackbody spectrum.
Power Law with p ∼ 2 − 3
For the power law model, the observed neutrino phase space density
where the value of E • is fixed by the luminosity:
r A is the apparent radius of the black hole, and E P = 1.96 × 10 16 erg is the Planck energy (even though the result is insensitive to this choice for p > 2). Note that, given that neutrino phase space density cannot exceed unity due to the Pauli exclusion principle, E ∼ E • is the natural lower cut-off for a power-law spectrum. Details of how to obtain r A can be found in [3] : for a * ∼ 0.7 we have r A ∼ 5GM/c 2 . The results depend on the precise choice of index p, which is one of our parameters. We will focus on p ∼ 2 − 3. The number flux is
where B is a normalization constant set by
We make the simplifying assumption that the neutrinos emitted from the set of stellar mass and supermassive black holes each have approximately the same minimum energy E • and thus the same spectrum.
An example of a power law with p ∼ 2 is first order Fermi acceleration [12] . First order Fermi acceleration is a mechanism that describes the acceleration of charged particles, such as electrons, crossing strong shocks. Upon meeting the shock, due to the disturbance in the magnetic field caused by the shock, there is a probability for the incident electrons to get bumped back the way they travelled. There is also a probability for them to pass through the shock. For those charged particles that bounce back, this process occurs repeatedly until they escape. Each bounce causes the particle to gain energy and the statistics of this process yields a spectrum of:
where p 2 in the nonrelativistic case (in the relativistic case, the spectrum is still a power law but the index can vary depending on the details of the scattering) [13] . N • and E • are the initial number and energies of the charged particles. Even though neutrinos are not charged, they would still bounce back and forth between the accretion flow and the black hole firewall (e.g. through gravitational scattering), which could yield a power law whose precise index would depend on the details of the propagation model. Alternatively, protons could be accelerated via first order Fermi mechanism, and then produce neutrinos through hadronic processes (e.g. [14] ). We will consider indices p ∼ 2 − 3.
More generally, we think that a power law with p ∼ 2 is a natural choice. This is because high energy processes (such as possible Planck-scale physics within firewalls) favour hard spectra, but the requirement of convergence sets the lower limit of p = 2 (equal energy per decade).
Blackbody
If we assume that the black holes are in approximate steady state and are close to thermodynamic equilibrium, we can consider them as blackbodies. Again, we make the simplifying assumptions that the set of stellar mass and supermassive black holes each have approximately the same surface temperature T and thus spectrum. The temperature can be determined by the neutrino StefanBoltzmann law:
With ν = 0.4, we find T BH = 1.2×10 7 K and T SMBH = 6.7 × 10 5 K. The energy distribution is:
The number flux is again obtained using (18), with the phase space density
RESULTS
The IceCube collaboration has recently observed a flux of PeV (10 15 eV) neutrinos [15] , and the source of these high energy neutrinos is as yet unknown. Figure 1 shows our results for the neutrino spectra for the stellar mass black holes and the supermassive black holes, for the two cases of power law (with p ∼ 2) and blackbody spectra, as discussed in the previous section (Note that, Figure 1 shows only a sample pair of ν , p [16] and [17] respectively. The IceCube detection fits are from [15] , and the atmospheric neutrino detections are from Fréjus [18] and AMANDA-II [19] . The predictions for the neutrino fluxes from surfaces of black holes with a blackbody and power law spectrum are from this work. values that fit the data. For the complete set of parameters that fit the IceCube data, see Figure 3 ). Also included in the figure are neutrino flux predictions from models of AGN [16] and GRB's [17] , along with a fit to IceCube's detection from [15] , and atmospheric neutrino detections. The atmospheric neutrino observations are from Fréjus [18] and AMANDA-II [19] . The blackbody models do not have interesting contributions to the high energy spectra, but it would be interesting in future work to compare these results to upper limits on other sources of low energy neutrinos. In this work, we are interested in high energy neutrinos, so we focus on the power law model results. In Figure 2 , we have zoomed in on our results and the other predictions, in the vicinity of the IceCube detection. We see the firewall neutrino signal can certainly fit the IceCube detection and is a possible candidate for the source of these high energy neutrinos. Figure 3 shows the parameter combinations for neutrino emission efficiency ν and p for which our power law model yields a good fit to the IceCube data. For the power law models, fits to the IceCube's data are within the physically acceptable range (0 < g ≤ 1) at 96% and 47% probability for stellar mass black holes and supermassive black holes respectively (or 92% and 37% for 0 < g ≤ 0.5). These probabilities can change by ±5% across different models for star formation and supermassive black hole growth. At the 1σ confidence level the fit parameters for stellar mass (supermassive) black holes are ν 10 −4 (10 −2 ) and 2.26 p 2.68 (2.27 p 2.45), while at the 2σ level they are ν 10 −5 (10 −3.5 ) and 2.1 p 2.7 (2.1 p 2.47).
CONCLUSIONS
To summarize, we have argued that accretion onto astrophysical firewalls is likely to predominantly lead to a flux of cosmological neutrinos. If this spectrum has a power-law shape, e.g. due to an analog of Fermi acceleration for neutrinos, then it could well fit the observed IceCube spectrum of high energy neutrinos at reasonable efficiencies from astrophysical black holes. Future work should focus on more detailed spectral modelling of neutrino emission from putative firewall atmospheres, as well as other possible observational smoking guns for this scenario. It is certainly exciting to entertain the possibility that neutrino astrophysics could open a new window into the physics of quantum gravity and black holes.
